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Abstract
We analyze observational signatures arising from an epoch in cosmology correspond-
ing to the simple harmonic universe, which consists of positive curvature, a negative cos-
mological constant, and one or more exotic matter sources with −1 < w = p/ρ ≤ −1/3,
which may then evolve or tunnel into an inflating and hot Big Bang phase. Particular
relics specific to this class of models include spatial curvature with Ωk < 0, modifica-
tions to the dark energy sector due to the presence of residual exotic matter, and the
possibility that the cosmological constant may ultimately be negative. We review the
constraints on the relevant parameters from Planck and other cosmological data sets,
focusing on the roles of exotic matter and curvature, and we find that while sources
with w ≈ −1 tend to tighten the constraints on Ωk, matter with w = −1/3 can decou-
ple curvature from the expansion history. For the case where the dark energy sector
includes a negative cosmological constant, we use the experimental data to find an
associated lower bound on the lifetime of the expansion of the Universe.
1 Introduction
The past several decades have seen a wealth of precision data for the study of early universe
cosmology, and current and planned surveys of the cosmic microwave background (CMB)
radiation and large scale structure (LSS) have the potential to test or rule out large classes of
models and wide ranges of parameter space. It is of particular interest to constrain or detect
observational parameters that can probe the primordial era of cosmic inflation or even earlier,
such as the tensor to scalar ratio r, or primordial non-Gaussianities, or spatial curvature Ωk.
This last parameter, if observable at a level greater than 10−5, may provide a rare window
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on the physics of the preinflationary epoch, such as whether our present observer patch may
have originated from a tunneling event [1, 2, 3, 4]. Furthermore, the sign of spatial curvature
will have important consequences for model building [2, 5, 6].
In this paper we will compare the predictions of the class of models known as the simple
harmonic universe (SHU), recently studied in [7, 8], against experimental data from the
CMB and from large scale structure. The simple harmonic universe is a class of oscillating
cosmological models which respect the null energy condition and which consist of a mixture
of positive spatial curvature, a negative cosmological constant, and a matter source with
−1 < w = p/ρ < −1/3 and positive sound speed squared. In [7, 8] it was shown that these
models can be stable at the level of linearized perturbations. While the original motivation for
studying the SHU class of models was to investigate singularity theorems and the stability
of bouncing cosmologies, given the possibility that it may not be eternally stable against
nonperturbative processes (see also [9, 10, 11]), it is also of interest to investigate whether this
class of models can evolve into our present Universe, and the consequences for experiments
if so. In particular, the specific ingredients of the SHU may give rise to distinctive relics,
which may motivate novel search templates.
One such possible relic motivated by this class of models is positive spatial curvature with
Ωk < 0
1: in [11] it was shown that the SHU may evolve into an era of inflation (followed by
reheating and the hot Big Bang era) via nonperturbative quantum tunneling in the matter
sector, while preserving the original spherical geometry. While many theoretical models of
the landscape predict Ωk ≥ 0 to be more generic ([5, 6]), in light of the existence of models
that can produce Ωk < 0 as well (see also for instance [12, 13, 14, 15, 16, 17] for previous
works on this subject), it seems worth revisiting the bounds on experimental searches for
Ωk < 0.
Another class of predictions specific to the SHU involves the exotic matter contributions,
whether these leave a remnant that contributes to the present dark energy sector, and how
the resulting dark energy sector may affect the limits on curvature. A few scenarios specific to
this class of models include a matter source with w = p/ρ = −1/3 that (almost) cancels the
curvature energy (so that the geometric effects of curvature are decoupled from the expansion
history), or a scenario where the dark energy sector consists of a negative cosmological
constant whose energy is canceled out by a matter sector with w & −1. In this case we may
still be living in an oscillating phase, with the expansion of the universe destined to reverse
in the future.
This paper is organized as follows: in section 2 we briefly review the SHU class of models
and the relevant components that may contribute observable relics if the SHU evolves or
decays into the standard cosmological history of our present observer patch. In section 3 we
make use of data from the Planck satellite [18, 19], together with the BOSS DR12 baryon
acoustic oscillation survey [20] and the Pantheon supernova dataset [21], to put limits on
these parameters. We conclude and indicate further directions in section 4.
1By convention, Ωk < 0 corresponds to positive (i.e., spherical or closed) spatial curvature, and Ωk > 0
corresponding to negative (hyperbolic or open) spatial curvature.
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2 Model and observables
We start with the class of models known as the simple harmonic universe: the background
solutions were developed in [7, 22, 23, 24] and consist of a mixture of positive spatial curva-
ture, negative cosmological constant, and a null energy condition (NEC) preserving matter
source with −1 < w = p/ρ < −1/3. Note that postive spatial curvature contributes as
negative energy when written on the right hand side of the Friedmann equation; this may
be partially or almost completely cancelled by an additional source with w = −1/3, which
serves to help with the stability of linearized perturbations [8]. The evolution of the scale
factor a(t) is then determined by the Friedmann equation
H2 =
(
a˙
a
)2
= −Keff
a2
+
8piGN
3
(
ρ0
a
3(1+w)
0
a3(1+w)
− Λ
)
, (1)
where Keff = 1 − (8piGNρstringa20) consists of curvature and a matter source which scales
energetically like a network of cosmic strings (w = p/ρ = −1/3), Λ refers to the negative
cosmological constant (c.c.), and ρ0 is the energy density of the exotic matter source with
intermediate equation of state −1 < w = p/ρ < −1/3. Note that negative energy is required
to reverse the sign of a˙; here the requisite negative energy sources are the curvature and the
c.c., both of which respect the null energy condition. The negative curvature energy causes
the universe to bounce at a = amin, and the negative c.c. causes the universe to recollapse at
a = amax. Depending on the relative contributions of the various energy sources, there may
be a large hierarchy between the maximum and minimum values of the scale factor, or the
universe may be in a nearly static limit with amax/amin ≈ 1. We do not consider in detail
what the initial conditions that lead to the the SHU may be, but rather we note that once
in this phase, this class of solutions can be stable on long timescales[7, 8].
Although the original motivation of [7, 8] for exploring this class of models was to consider
the stability of oscillating universes, it is also of interest to explore embedding the SHU into
a more realistic cosmology, with the (perhaps long-lived) oscillatory phase evolving into an
epoch of inflation, followed by reheating and radiation and matter domination. The SHU
may evolve smoothly into an inflating and hot Big Bang phase, or the transition may be
mediated by a nonperturbative tunneling event as in [11]. We will not focus on the details of
the model building at present, but rather indicate the general features of what such models
would entail, and what observable relics may persist into the present epoch.
• 1) If the universe evolves smoothly between the oscillating phase and an inflating
one, then epochs of inflation, reheating, radiation and matter domination could be
included as a transient part of a much longer overall bouncing cycle. Inflation could
even be driven by the exotic fluid itself if w ≈ −1, with most or all of the fluid energy
decaying into radiation at reheating. The bounce may have happened only a few times,
with some of the exotic matter sector being lost each time, or perhaps many times,
with a finite but small probability of the exotic matter decaying into radiation and
reheating the Universe during each cycle. Either way, the exotic matter source may
decay completely, or a remnant could persist until the next cycle. In the latter case
the dark energy today may consist of a fluid with w > −1, together with a negative
cosmological constant that becomes apparent at very late times.
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A slightly more complicated variant of this model might be for inflation to instead
be sourced using a vacuum energy sector that depends on the value of a scalar field
whose energy moves between positive values during inflation and a negative value at
−Λ as the background oscillates between its minimum and maximum scale factor. In
this case, however, it seems difficult for the scalar field to move back and forth over
multiple such bounces without introducing considerable fine-tuning.
• 2) Another possibility is that the universe could exit the SHU oscillating phase by
quantum tunneling into an inflating phase with positive curvature – such a model was
studied in [11], where the nonperturbative tunneling of a scalar field mediates the
exchange of the energy of the exotic matter sector for the energy of the inflationary
potential. In this case the amount of energy in positive curvature may directly correlate
with the energy scale of inflation, and as before, there may or may not be a remnant
of exotic matter as well.
In either scenario, the residual relics from the SHU could include positive spatial cur-
vature, with or without the negative energy canceled out by an accompanying contribution
from cosmic strings, and/or a contribution to the dark energy sector from an exotic matter
remnant with equation of state −1 < w < −1/3. If the original negative c.c. is not uplifted
during the transition to the inflationary epoch, then it may persist and cause the universe to
recollapse at late times. We will now discuss the observable effects of each of these relics in
turn, starting with curvature and its interactions with the observables from exotic matter. In
the case where the dark energy sector includes a negative c.c., we can use the experimental
bounds on cosmological parameters to predict a lower limit on the duration of the current
expansion of the Universe.
3 Observables and results
In this section we will model the effects of curvature and exotic matter on precision cosmo-
logical observables, and investigate the experimental constraints on the relevant parameters.
We will make use of the Cosmic Linear Anisotropy Solving System (CLASS) [25, 26] to model
the evolution of the CMB and matter anisotropies, with slight modifications to the code to
incorporate additional fluid sources as well as modifications to the primordial power spec-
trum. To compare with experimental data sets and infer bounds on cosmological parameters,
we make use of the MontePython cosmological parameter inference code [27, 28]. Many pa-
rameters of interest can be studied using the CMB data alone, combining the temperature
and lensing data to break the degeneracy between curvature and dark energy parameters
[18, 19]). We make use the Planck likelihoods for high multipole, low multipole, and lensing
data. We will use the Planck 2015 likelihoods since the 2018 likelihoods only recently became
available; however, we do not expect the bounds on the observables we are interested in to
be appreciably affected by the change in the optical depth likelihood between 2015 and 2018,
and it is simple to check this by analyzing the correlations in the data and incorporating the
new priors. To gain further precision and to help further isolate the effects of curvature, we
combine the CMB data with additional data from the Baryon Oscillation Spectroscopic Sur-
vey of SDSS-III (BOSS) [20] and the Pan-STARRS Supernova cosmology data (Pantheon)
4
5 10 50 100 500 1000
multipole ℓ
1000
2000
3000
4000
5000
Cl in μK2
Figure 1: Positive curvature and the CMB TT peaks. Starting with ΛCDM with background
parameters of Ωb = 0.05, Ωcdm = 0.26, Ωk is varied from 0 (black) to −0.20, with the
values −0.01, −0.05, −0.10, −0.15, and −0.20 shown in progressively lighter shades of blue.
Increasingly negative Ωk tends to move the acoustic peaks to the left due to large-scale
lensing, and the signal at low multipoles is enhanced due to the late-time ISW effect.
[21]. We also use CLASS to study the effects of varying cosmological parameters on the
matter power spectrum.
For a review of how varying various cosmological parameters affects the evolution and
appearance of the CMB peaks, see e.g. [29]. For the observable relics we will consider, namely
modifications to the curvature and dark energy sectors, the dominant effects of positive
curvature Ωk < 0 include pushing the acoustic peaks to lower multipoles due to large-scale
lensing, as well as enhancements of the temperature power spectrum at low multipoles due
to the late-time integrated Sachs-Wolfe (ISW) effect.
3.1 Positive curvature
We will first review the constraints on spatial curvature, with special attention given to
the case where the curvature is positive (spherical), which corresponds to Ωk < 0. See
[30] for discussion of the systematics and degeneracies involved in constraining Ωk, and see
e.g. [31, 32, 33, 34] for model-independent searches for this parameter. In the presence
of positive spatial curvature, given a fixed physical sound horizon for the baryon acoustic
oscillations, the lensing of the CMB acoustic peaks by the late-time geometry tends to move
the peaks towards smaller multipoles, as shown in Fig. 1. There are also modifications at low
multipoles due to the enhanced late-time ISW effect, since the presence of negative energy
from positive curvature causes the Universe to deviate from matter domination earlier in its
cosmic history. Current observations constrain |Ωk| at the one percent level using the CMB
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Figure 2: 2d likelihoods for Ωk versus H0. Red: Planck data alone; Blue: Planck + BAO
(BOSS DR 12) data.
data alone, or at the level of 5× 10−3 when additional data sets (such as come from baryon
acoustic oscillation or measurements of the Hubble parameter as a function of redshift) are
included. The precise 1σ limits reported by the Planck collaboration for ΛCDM + Ωk are
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[19]:
Ωk = −0.0106± 0.0065 (Planck only)
Ωk = 0.0007± 0.0019 (Planck + BAO)
(2)
Note that Ωk < 0 is slightly favored by the Planck data alone: this is mostly caused by the
data at low multipoles, which are strongly affected by cosmic variance and by the lensing re-
construction. This may ultimately be resolved in favor of a detection of of positive curvature
(see e.g. [35]); however, even without additional data sets the error bars are still consistent
with a flat universe at the 2σ level, and including BAO data the error bars are consistent
with a flat universe [18, 19].
The bounds on curvature will be affected by the choice of dark energy model and on the
value of H0, since at the background level dark energy and curvature have similar effects
on the CMB peaks (see figure 2). The degeneracy can be broken at the level of the Planck
data by including lensing, and even more effectively by including BAO or other large scale
structure data sets. See e.g. [36, 37, 38, 39] for searches in the context of varying dark energy
models. The bounds will also exhibit some degeneracy with other observables which are
affected by the lensing, such as the tensor-to-scalar ratio and the neutrino mass. In Figure 3
we plot the 2d likelihood contours when Ωk is varied together with these parameters, checking
against Planck and BAO data. Note that the presence of a small positive curvature would
2The constraints here are those reported in [19], using chains generated by the Planck Collaboration. For
all other analyses we have rerun the chains ourselves using the Planck and other data sets.
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Figure 3: Degeneracies between 1σ and 2σ likelihoods for Ωk, the tensor-to-scale ratio r, and
the neutrino mass
∑
mν . Red = Planck; Blue = Planck + BAO (BOSS DR 12) data.
relax the bounds on the tensor-to-scalar ratio very slightly (see figure 3), and also that the
effects of positive curvature are slightly degenerate with the presence of massive neutrinos,
as noted in [30, 41]. The degeneracy with massive neutrinos can be greatly reduced by
including BAO data, but letting the neutrino mass vary does still shift the likelihood slightly
towards Ωk < 0.
In a universe with positive curvature, the CMB data will also favor a slightly lower
value of H0, corresponding to an older Universe (see figure 2). This tends to exacerbate the
tension between CMB and late-time astrophysical measurements of this parameter [19, 40];
however, varying Ωk by a percentage point in either direction is not enough to resolve this
discrepancy anyway. Additional effects such as massless radiation species, or dynamical dark
energy, have been proposed to reconcile the different results for the Hubble parameter, and
it is also possible that this will be resolved by a better understanding of the systematic errors
(see e.g. [40] for a discussion of the degeneracies and systematics involved).
While the tensor-to-scalar ratio is related to the Hubble scale during inflation, the impli-
cations of spatial curvature for the parameters of primordial era are more model-dependent.
In general the relation between these parameters and the Hubble scale Hinf is given by
r ∼ 1010
(
H2inf
M2P
)
, Ωk .
(
ainfHinf
a0H0
)2
. (3)
Here ainf , Hinf are the values of the scale factor and the Hubble parameter at the beginning
of inflation, and a0 = 1, H0 ∼ 10−42GeV are the values today. The final . will be an
approximate equality if curvature (briefly) makes up an order one fraction of the energy
density at the beginning of inflation, as arises e.g. in [11], where a tunneling event in the
matter sector mediates a transition from the SHU to an inflating solution with positive
curvature. If both r and Ωk are detectable, it would therefore enable us both to probe both
the value of the Hubble scale during inflation as well as to put a bound on the number of
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e-foldings between inflation and the present day. There is considerable uncertainty in the
theoretical prediction for ainf/a0, mostly coming from the end of inflation until reheating (see
for instance [42]), but at least 50-60 e-foldings are needed for inflation to solve the horizon
and flatness problems, and at least a further 23 or so in order to reduce the temperature of
the background radiation from TBBN to 2.7K.
3.2 Curvature during inflation and the primordial power spectrum
In addition to its effects on the CMB peaks at late times, if curvature is present during infla-
tion it may have consequences for the generation of the primordial spectrum. In particular
the presence of spatial curvature will cut off the power spectrum for inflationary fluctuations
with wavelengths larger than the curvature radius, which may account for the observed sup-
pression of the TT quadrupole and other low multipoles in the Planck data [43]. However,
the exact amount of the suppression depends on the initial conditions for the state of the
perturbations, which may deviate significantly from the Bunch-Davies state. More precise
calculations of the inflationary perturbation equations in the presence of curvature for several
different choices of initial conditions were carried out in [44, 45]. In [46] it was noted that
the sensitivity to spatial curvature may be boosted considerably if the sound speed of the
perturbations is small, in which case we also expect distinctive features in the bispectrum.
We can test for these effects and the wavenumbers at which they emerge by taking the
following simplified ansatz for the spectrum of inflationary perturbations:
P (k) ∝
(
k2
k2 + k20
)2
(k/kpivot)
(ns−1) . (4)
Here (ns − 1) is the scalar tilt, and the first factor cuts off the power spectrum at a scale
k0. It would be interesting to derive a more detailed ansatz starting from a full model of
the initial conditions; however, the ansatz here has the qualitative features we expect and
the scale of the cutoff should not depend too sensitively on the precise functional form. We
can plot the effects of k0 on the low multipole data (see Fig. 4). We find a best-fit value of
k0 ∼ 1.68×10−4 inverse Mpc, which corresponds to a comoving length scale on the order of 6
Gpc for the curvature radius. This value for the curvature radius would produce a significant
amount of Ωk today:
Ωk ≈ −
(
k0
a0H0
)2
= −0.56 . (5)
Since the experimental constraints of the previous section imply that |Ωk| < 0.01 or below,
it may be that another explanation besides curvature is required for the suppression of the
lowest TT multipoles; however, it is also possible that the observations could be reconciled
if modes in the primoridal spectrum with wavelengths far below the curvature radius are
sensitive to the curvature scale. This can arise e.g. either through a small sound speed for
the perturbations [46] or through orbifolding.
In the case of a small sound speed, the inflationary perturbations freeze out when they
cross the sound horizon:
k
a
∼ H
cs
(6)
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Figure 4: The CMB TT power spectrum as a function of multipole, for the multipoles ` . 50.
Shown are the best-fit ΛCDM model with k0 = 0 (black) and k0 = 2.0× 10−4Mpc−1 (red).
Planck data and error bars are shown in grey.
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Figure 5: 1σ and 2σ likelihood contours for the curvature parameter Ωk and the scale k0 of a
low-wavenumber cutoff in the primordial spectrum. Red = Planck data only, Blue = Planck
+ BAO (BOSS DR 12) data.
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and if cs  1, this may be much larger than the inverse radius of curvature. A similar effect
arises when a positively curved universe is orbifolded; for example, the shape of the spatial
slice may be a Lens space orbifolded along the Hopf fiber rather than the full 3-sphere:
S3 → S3/Zm. In this case only spherical harmonics that are multiples of m are allowed (an
effect used in [8] to project out some of the possible perturbations), in which case the cutoff
in the spectrum happens for modes with wavelengths a factor of O(√m) or so smaller than
the curvature radius. Reconciling the preferred value of k0 with the bound |Ωk| . 0.005
therefore implies a bound m & 14 on this class of models. In principle the orbifolded models
do not require strong self-interactions in the inflationary sector and need not give rise to a
large bispectrum, making it potentially distinguishable from the models with small sound
speed.
We emphasize that the ansatz for the power spectrum in (4) is not derived from a specific
model for the initial state, but rather serves to identify at what scale the spectrum must be
cut off in order to explain the observed suppression of the low CMB multipoles. It would be
interesting to pursue this question further in context of a more detailed model of the initial
state, and to investigate the effects on the bispectrum and higher-point correlation functions
as well.
3.3 Positive curvature and strings: Keff  1
One possible corner of model space that arises in the context of the simple harmonic universe
is the case where the negative energy from Ωk < 0 is almost totally canceled by a matter
sector with w = −1/3 (which scales energetically the same way as a network of cosmic
strings) and positive sound speed. This corresponds to the case Keff  1 in the notation
of §2. In this case, the geometry of the universe will be affected by the curvature but not
its late-time expansion history. The CMB TT peaks are therefore translated slightly in
multipole space relative to the corresponding model with Keff = 1, and the low multipoles
are slightly suppressed, though the CMB anisotropies are still larger than the model with
Ωk = 0. The effects on the anisotropies are plotted in figure 6.
The effects of Keff  1 are more noticeable at the level of the matter power spectrum:
this is suppressed at very low wavenumbers due to the finite size of the closed universe. Note
that when positive curvature is not decoupled from the expansion history (Keff = 1), the
power spectrum is enhanced since the age of the Universe increases (see figure 7).
To find bounds on the cosmic parameters, we consider the Planck data together with BAO
data. Marginalizing over the other parameters in ΛCDM+r+ns+Ωk, the window of allowed
values of Ωk shrinks slightly, and the window of allowed values of H0 is slightly expanded.
The relative likelihoods between Ωk and H0 is shown in figure 8: as expected, the correlation
between these parameters decreases slightly relative to the case with Keff = 1. This helps
prevent positive curvature from exacerbating the tension between CMB and astrophysical
measurements of H0, but not nearly enough to resolve the overall tensions.
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Figure 6: Effects of Keff on the CMB TT peaks, in ΛCDM with Ωb = 0.05, Ωcdm = 0.26.
Black: Ωk = Ωw=−1/3 = 0, Red: Ωk = −0.20,Ωw=−1/3 = 0, Blue: Ωk = −0.20,Ωk+Ωw=−1/3 =
0.
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Figure 7: Effects of Keff on the matter power spectrum peaks, in ΛCDM with Ωb = 0.05,
Ωcdm = 0.26. Black: Ωk = Ωw=−1/3 = 0, Red: Ωk = −0.20,Ωw=−1/3 = 0, Blue: Ωk =
−0.20,Ωk + Ωw=−1/3 = 0,
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Figure 8: Effects of varying Keff on the Planck + BAO (BOSS DR 12) likelihoods for Ωk
versus H0. Red = Keff = 1, Blue = Keff  1.
3.4 Modified equation of state for dark energy
In addition to looking for curvature alone, we can also search for the effects of modifications
to the dark energy sector, coming from the presence of exotic matter and c.c. left over from
the SHU epoch. Depending on the model under consideration the exotic matter may make
up part or all of the dark energy sector, and the cosmological constant Λ may be positive or
negative depending on whether Λ is also a relic from the SHU epoch or whether it is altered
in the transition from the SHU to an expanding phase. We parameterize the exotic matter
by including an extra fluid Ωfld in CLASS with −1 < w0fld < −1/3, and positive sound
speed squared c2s = 1
3.
We can search for exotic matter in the dark energy sector by varying both the amount
Ωfld and the equation of state w0fld simultaneously. The effects of varying each parameter
separately on the CMB are modeled in figures 9 and 10 and are qualitatively similar: mod-
ifications away from w = −1 tend to shift the CMB peaks towards lower multipoles due to
large scale lensing, and the power at low multipoles also increases due an enhanced late time
ISW effect: both modifications mean that dark energy takes over from matter domination
earlier in the history of the Universe. The effects on the matter power spectrum are modeled
in figure 11 since dark energy takes over at an earlier epoch, the universe is younger and
the matter power spectrum is suppressed relative to ΛCDM . When w0fld ≈ −1 we expect
the constraints on Ωfld to be weak, since the exotic matter is nearly indistinguishable from
dark energy, but if w0fld > −1 only a small amount of exotic matter will be allowed. The
Planck + BAO (BOSS DR 12) + SNe (Pantheon) constraints on Ωfld and w0fld are plot-
3More precisely, the perturbations are implemented in our Monte Python analyses by using the parame-
terized post-Friedmann approximation as in [47]; however, we emphasize that we are sticking to the region
where w0fld > −1 for the exotic fluid, so we do not expect this to make much of a difference.
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Figure 9: Exotic matter equation of state and the CMB peaks. Starting with background
parameters Ωb = 0.05, Ωcdm = 0.26, Ωk = 0, and Ωfld = 0.69 for the exotic matter sec-
tor, the value of w0fld = p/ρ for the exotic matter equation of state is varied from −1 to
−0.9,−0.8,−0.7 (dark to light blue).
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Figure 10: Exotic matter with ΩΛ < 0 and the CMB peaks. Starting with background
parameters Ωb = 0.05, Ωcdm = 0.26, Ωk = 0, and dark energy with Λ < 0 and dark fluid with
w0fld = −0.9. Depicted: ΩΛ = −0.1,−0.5,−5 (dark to light blue).
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Figure 11: Matter power spectrum and modified dark energy: Black: ΛCDM with Ωb = 0.05,
Ωcdm = 0.26, Ωk = 0; Blue: w = −0.7; Red: Ωfld = 5.68, ΩΛ = −5.0 and w0fld = −0.9.
ted in figure 12, focusing on the region where ΩΛ < 0. In order to keep the constraints as
model-independent as possible; we have allowed the neutrino mass Σmν to be arbitrary as
well; however, this does not affect the bounds on w0fld versus Ωfld appreciably.
Since both types of modifications to the dark energy sector push the acoustic peaks in
the same direction(s) as does positive curvature, that is, the peaks move to the left and the
power increases at low multipoles, including exotic matter in the dark energy sector tends
to push the constraints on curvature towards Ωk > 0. This is visible in figure 13, where
including modified dark energy with Ωfld > 0.67, w0fld > −1 and ΩΛ < 0 shifts the error
bars and best-fit value for Ωk slightly towards the positive direction relative to ΛCDM. The
modified dark energy also favors a smaller Hubble constant, slightly worsening the tension
with astrophysical estimates [19, 40].
Of the scenarios discussed in §2, note that in the case where inflation itself is sourced by
exotic matter with w0fld ≈ −1, with most of the exotic matter decaying into the Standard
Model at the epoch of reheating, then the slow-roll parameter will be
 = − H˙
H2
=
3
2
(1 + w0fld) (7)
The Planck data are inconsistent with scale invariance to at least 8σ [19]; however, the exact
correspondence between (7) and the scalar tilt depends on other slow-roll parameters as well.
3.5 Lifetime of the universe when Λ < 0
When Ωfld+Ωm is greater than 1 the cosmological constant will be negative, and if w0fld > −1
the universe will expand to a maximum size and then recontract. Starting from a data set
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Figure 12: 1σ and 2σ likelihood contours for the parameters Ωfld and w0fld for exotic matter,
including Planck + BAO (BOSS DR 12) + SNe (Pantheon) data sets.
of approximately 200, 000 accepted points in the converged Monte Python chains that have
a negative value for ΩΛ, we have solved the Friedmann equations numerically to estimate a
lower bound on the lifetime of the universe. We find no lifetimes less than about 9H−10 , and
the average lifetime is approximately 29H−10 . These correspond to 130 Gyr and 420 Gyr,
respectively, in the Benchmark model with H−10 = 14.4 Gyr. This result is the same whether
the neutrino mass Σmν is fixed to 0.06 eV or allowed to be more general. In principle there
is no upper bound on the lifetime, since the region ΩΛ < 0 is not excluded by the data.
4 Conclusions and future directions
To summarize the main results of this study, in accordance with the predictions of the
simple harmonic universe class of models, we have investigated the experimental constraints
on two negative energy sources, namely positive spatial curvature and negative c.c., and
their interactions with exotic matter sectors. For the curvature, it is known that the CMB
Planck data alone mildly favor positive curvature at the 1σ level, but the error bars are still
consistent with a flat universe at 2σ, and the data become consistent with flatness at the 0.5
per cent level after the CMB data are combined with BAO data. It is also possible to positive
curvature to affect the primordial spectrum and suppress the low multipoles even if Ωk is
otherwise unobservable today. We find that the presence of matter with w = −1/3 partially
removes the degeneracy with H0 but does not greatly shift the constraints on curvature,
while the presence of exotic matter with w ≈ −1 tends to push the constraints toward zero
or even positive Ωk. If the cosmological constant is ultimately negative, modifications to
Ωfld, w0fld in the dark energy sector may indicate that the lifetime of the current expanding
phase of the Universe is bounded.
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Figure 13: Effects of modified dark energy with Ωfld and ΩΛ < 0 on cosmological parameter
likelihoods. Blue: Planck + BAO (BOSS DR 12) + SNe (Pantheon) data. Left (blue):
Σmν = 0.06eV , Right (blue): Σmν varying. Red: ΛCDM+ns+r+Ωk, with Σmν = 0.06eV ,
using Planck + BAO data.
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It may also be of interest to model competing effects on the primordial spectrum, such
as those that may arise from a non-Bunch-Davies initial state or a potential with a rapidly
running spectral tilt, and see how these affect the constraints on curvature and negative
energy sources. Modeling the effects on the bispectrum and higher-point functions could
help us push further to disentangle these factors. It would also be interesting to pursue
further the constraints on this class of models coming from polarization, particularly if the
model for the exotic matter sector allows for shear stresses.
While the effects of exotic matter and Keff  1 affect the constraints on curvature
at a level below the current size of the error bars, as upcoming experiments constrain the
spatial curvature to the level of 10−3 and possibly further [30, 32, 48, 49], it will be necessary
to disentangle curvature from a host of similar and competing signals, which may include
the modifications to the dark energy sector described here. Regardless of the difficulty of
searching for parameters of the primordial era, it is of great significance to detect or constrain
these parameters as sensitively as possible, and in order to do so it will be necessary to
consider all possible competing effects. Theoretical models such as the SHU are useful in
order to develop novel search templates, such as the reminder that Ωk < 0 is not forbidden
at all, or that positive curvature may or may not be decoupled from the expansion history, or
that the cosmological constant may ultimately be negative. Future experiments will continue
to narrow the allowed parameter window and help us to constrain or test these possibilities.
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